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Abstract 


The increasing technological interest of ceramic to ceramic and ceramic to metal joints 
in industrial and developmental application is due to the unique combination of properties 
of ceramic materials, namely high temperature strength, excellent wear re^'stance, high 
hardness, excellent corrosion and oxidation resistance, low thermal expansion, high electrical 
resistivity . Simultaneously as the catalog of materials expanded, the technology of metal to 
nonmetal joining method improved, and one of them, brazing has been an important method 
of joining. It has been used in the electrical, chemical and aeronautical industries for the 
manufacture of j^roduct required. 

Whatever may be the application, a scries of intormetallic layers form as a result of chem- . 
ical reaction at different interfaces. For a simple metal-metal or metal-ceramic or ceramic- 
ceramic system a number of intermetallic compounds form, depending on the wettability of 
filler metal, presence of the active metal in the filler metal, and the characteristics of the 
ceramic used. Thermodynamics and kinetics decides their formation and growth behavior. 
Depending upon the compositions of the filler alloys and the base materials, a wide range of 
intermetallic layer may form in the ceramic/metal interface. 

We have studied the formation and growth of intermetallic compounds in the ceramic to 
metal systems, which are produced by active brazing process. In this process alumina(yU 203 ) 
was used as ceramic members, and 18-8 stainless steel, pure niobium(Nb) and pure iron(Fe) 
weie used as i.he metal members, and Ag-28at%Cu and Ag-27at%Cu-10at%lii alloys were 
used as the filler metals, and pure titanium(Ti) was used as the active metal. The brazing 
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process was carried out at 900°C and SOO^C for different holding times under vacuum and 
cooled in air. 

It was observed that Ag-27Cu-10In ternary filler alloy was more effective, with respect 
to compactness of the joint of ceramic to metal, than the Ag-28Cu filler alloy. It was also 
obsorvod tliat 'Ti reacts witli the coiamic suifacc as well as with the filler metal at high tem- 
peratures and forms different intermetallic layers, occurrence of some phases depends on the 
diffusion path. Some of the phases form through chemical reactions. At the Ti/filler metal 
interface, TiCu, Tx 2 Cu, Ti^Cu^, Ti 2 Cuj and TiC'u 4 phases from the Ti-Cu system, and TiFe 
and TiF'e 2 phases from the Ti-Fe system, and TiAg phase from the Ti-Ag system, formed 
in the diffusion couple. In the case of Ti/( 2 l^ 203 ) 'interface, TizAl and TiAlz phases formed 
through chemical reactions. Part of the eutectic filler alloys, (Ag-28Cu) and (Ag-27Cu-10In) 
remain unreacted, with Ag-ricli(a) and Cu-ricli(/?) phases showing a eutectic structure next 
to the mctal/fillcr metal interface. Some unknown ternary intermetallic compounds as well 
as binary compounds were also observed in the diffusion couple . 
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Chapter 1 


Introduction 


As the catalog of materials expanded, the technology of brazing increased and has been 
an enabling method for joining, used in the manufacture of many products. The process of 
brazing that we know today began as an ancient art. What began as art, however, evolved 

t 

through our increased understanding of the nature and behavior of materials into art, tech- 
nology, and science. Initially the development of materials progressed from the noble metals, 
gold and silver to copper, to the iron and steels, to the current range of, refractory metals, 
titanium, ceramics, composites and aluminides, while a parallel development occurred with 
braze filler metals. Initially filler metals were mixtures of metallic salts and organic reducing 
agents, however as time progressed, copper, brass and silver-copper base alloys were used 
heralding the filler metals of today and hopefully tomorrow. Concurrently the existing braz- 
ing processes and techniques were improved and new ones developed. These included direct 
and indirect methods of heating and the capability of controlling the ambient atmospheres 
which are all employed in the mass production applications of today. 

The American welding Society [2] defines brazing as ”a group of welding processes 
which produces coalescence of materials by heating them to a suitable temper- 
ature and by using a filler metal having a liquidus temperature above 450° C 
and below the solidus temperature of the base materials. The filler metal is dis- 
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tribiitccl between tlie closely fitted surfaces of the joint by capillary attraction”. 
"I his definition serves to distinguish brazing from other joining processes of soldering and 
welding. Brazing differs from soldering, by the term liquidus temperature, since soldering is 
performed below 450° C. On the other hand in welding, both filler metals and base materials 
are wetted during tlic process. 

The uniqueness of the process is that metallurgical bonds are formed during brazing 
by melting only the filler metal and not the parts being joined. Both direct methods like 
diffusion bonding as well as indirect methods like brazing can be used to bond ceramics 
to ceramics or to metals and many process variations exist in both categories of bonding 
techniques. For example, in diffusion bonding many options exist for applying pressure 
and heat to the joint during the process. In some cases, diffusion bonding may employ an 
intermediate layer, which may or may not melt, as a bonding agent. Now a days brazing is 
a well established commercial process and is widely used in industry, in large part, because 
almost every metallic and ceramic material can be joined using this process. Generally 
brazing can easily be performed by manual techniques, but in future, it can just as easily be 
automated if necessary. 

Ceramics are inorganic nonmetallic material that can be separated into two broad cate- 
gories, traditional ceramics and structural ceramics. Traditional ceramics include clay prod- 
ucts and refractories. The structural cerqmic include monolithic materials such as aluminium 
oxide {AI 2 O 3 ), Zirconium oxide {ZrOz), Silicon carbide JSiC), Aluminium nitride (AIN), 
Silicon nitride (SizN^) and Silicon- Aluminium oxinitrides (SiAlON’s). The technological 
interest in structural ceramics is directly related to their unique properties. This ceramic 
shows high strength not only at room temperature but also at elevated temperature. Besides 
high strength other properties that make ceramics attractive candidates for applications usu- 
ally reserved for metallic alloys include excellent wear resistance, high hardness, excellent 
corrosion and oxidation resistance, low thermal expansion, and high electrical resistivity. For 
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these atti active properties these ceramics are being used to produce cutting tools, bearings, 
machine-tool parts, dies, pump seals, high temperature heat exchanger and turbine engine 
parts. 

Although these ceramics provides a lot of attractive properties their brazing with metal 
or ceramics have their own inherent problems. Ceramic materials are inherently difficult 
to wet with conventional brazing filler metals. Most of the filler metals merely ball up at 
the joint and no wetting occius. Another problem in brazing of ceramics results from the 
differences in thermal expansion between base material and the brazing filler metal and in 
case of ceramic to metal joints between the two base materials. 

Alumina, Zirconia, beryllia, thoria, forsterite {Mg 2 SiOi), Silicon carbide and nitride are 
the prime ceramic materials, which can be joined by brazing. Although a lot of research on 
alumina-metal and silicon carbide-metal brazing are going on but some of the problems still 
remain. A major problem with brazing an oxide ceramic is the resistance to wetting caused 
by the oxides on the surface of the ceramic. A means of rectifying the problem is to apply 
pressure to the braze filler metal with sufficient force to counteract the repelling force of the 
oxides. A study was undertaken to asses the strength of the joints of metals braze to alumina 
with Ti-containing braze filler metals by using both 94% and 99% alumina compositions. 
The results has shown that [1] higher strengths are observed when brazing took place in a 
vacuum and with the lii-containiiig filler metal. A few researchers, for example [4, 7, 12, 13], 
focus on the most i) 0 ])ular methods of obtaining seals between oxide ceramics and metals 
and compared the of joint strength of the two methods, namely Moly-Manganese process 
and Active brazing process. 

More recently Byeong-joo Lee [5] developed a model for prediction of interface reaction 
products at AkOz/Ti interface at 1100°C. It was reported that TiAl always forms first at 
the beginning of the interface icaction, but the stability of the TiAl depends on the oxygen 
potential in the Ti matrix. The clfcct of the initial Ti layer thickness on the stability of- 
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the TiAl was also clarified [5]. Gubbels et al [6] have investigated a comparison between 
T 1 -AI 2 OZ diffusion bonding and titanium active brazing. In their work it was indicated that 
during brazing, first Ti-Al(O) intermetallics are formed. When the filler metal is depleted 
from Ti, the formed Ti-Al(O) intermetallics decompose in oxygen-saturated Ti(0) and Al, 
which in turn diffuses through the Ti(0) and dissolves in Ag. 

A program was undertaken to evaluate active brazing to SiC because there is no suitable 
metallizing process available for this ceramic. Reactive wetting of Ag-Cu-Ti on SiC in in-siiu 
high resolution transmission electron microscopy are focused in some research work. In this 
work it was reported [19] that SiC tend to dissolve along the (0001) plane and the reaction 
product adjacent to SiC was TiC. The crystallographic relationship between SiC and TiC 
was the same as that in bulk brazing. 

Some researchers [22, 20, 21] are working on the decomposition and interfacial reaction 
in the brazing of SiC by copper-based active alloy. They concluded that that SiC could be 
decomposed easily by the Cu and Cu-5at%Ti alloy melt and in the brazing, three reaction 
layer were formed. These layers are copper/graphite, graphite/silicon, and copper silicides 
[CujSi) and Cu^Si. 



Chapter 2 


Literature Review 


2.1 Key Parameters Of Brazing 

2.1.1 Surface Energy and Surface Tension. 

Before going to discuss the nature of wetting, contact angle, and spreading of liquid 
droplet over a solid, lot us clear the concept of surface energy and surface tension. Fig [2.1] 
provides a siiuplilicd representation of the atomic structure of a solid close to one of its free 
surfaces. 

The atom at position A in the bulk of the solid has a balanced array of neighboring 
atoms, whereas atom B at the surface of the solid is taking in neighbors above it, apart from 
the occasional vapor molecule, and thus has some unsaturated bonds. Thus the potential 
energy of atoms at the free surface, such as B, is higher than the energy of atoms within the 
bulk of the solids, such as A, by the energy of the unsaturated bonds. The aggregate of this 
excess energy that is possessed by atoms in the vicinity of the free surface constitutes the 
surface energy of the solid. On the other hand, surface tension (7) is defined as the force 
acting at right angles to a line of unit lciigth(L) drawn in the surface i.c. F/L= 7. The 
surface energy is equivalent to surface tension under isothermal condition [2], 



li.J licy J'aunnciiii a wj jjiu4.in.y 



Figure 2.1: Simplified diagram of surface energies. 


2.1.2 Wetting and Contact Angle 

According to the classical model of wetting, the liquid will spread over a solid surface 
until the three surface tensions - between the liquid droplets and the solid substrate, the 
liquid droplet and the atmosphere, and the substrate and the atmosphere - are in balance 

f 

as shown in Fig[2.2]. 

According to the balance of forces, 

Tsa = Isv - iLvCosd (2.1) 

Where ^sb is the surface tension between the solid and liquid, 75 ^ is the surface tension 
between the liquid and the vapor, 7 lv is the surface tension between the liquid and vapor, 
and 0 is the contact angle of the liquid droplet on the solid surface. This equation is known 
as wetting equation. It shows that 6 < 90° corresponds to the condition, 75 ^ < isb- This 
imbalance in suifaco tension piovides the driving force for spreading of liquid over the solid 
surface and dirniirutiorr of the unwetted surface area. The contact angle 9 provides a measure 
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Figure 2.2: Surface tension forces acting when a liquid droplet wets a solid surface, according to 
the classical model. [2] 


of the quality of wetting. Thus if <0 < 180°, liquid will not be spread on the contacting 
suifacc. On the other hand, if 0 < 90° liquid will wett the substrate and also spread. 
Theicforc it is clear that aica of spicading will incrcfise with decreasing contact angle. 

Rewriting the equation of contact angle 0, as follows, 

CosO = ~ (2.2) 

JLV 

Thus wetting is improved by decreasing 6, which can be achieved by increasing 75 ^, 
decreasing jsl and jiy. The 'jsv can be maximized by cleaning the solid surface but jsl is 

f ' 

highly temperature dependent and usually decreases rapidly with increasing temperature for 
a particular solid-liquid combination. Similarly jlv can be varied by altering the composition 
and prc.ssurc of an atmosphere used for the joining operation. This .is one of the reasons for 
the popularity of vacuum-based joining process. 

But in some cases, the wetting of surface is much more complex and use of classical 
model is not so simple, when chemical reaction between the fdler metal and solid surface 
takes place. The effect of metallurgical interaction between filler metal and the component 
materials in promoting wetting is exploited in active filler metals, the addition of a small 
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fraction of a reactive inotal such as Ti or Zr, to fillers which enables them to wet and spread 
over ceramic materials. In this instance, wetting of and reaction with ceramic are inextricably 
linked. 


2.1.3 Fluid Flow and Factors Affecting the Fluid Flow . 

The liquid will flow into the joint under the force at a rate that is governed by its 
viscosity. Simple fluid flow theory assumes that, [1], 

• There is no interaction between the liquid and the solid surfaces with which it is in contact. 

• All surfaces are smooth and perfectly clean. 

• Flow is laminar, not turbulent. 

In this theory, the volume rate of liquid flow denoted as between a pair of horizontal 
parallel plates, length (1), separated by a distance (D), under a pressure (P) per unit area 
transverse to the plates is given as, 

^^/ D n3 

(2.3) 


^ 

dt 12r}l 


where i; is the viscosity of the liquid. It is assumed that the liquid front will advance at a 
rate ^ equal to the mean velocity of flow, that is 


1 dV PD^ 
dt~^D^^dt’~ 12 t]1 


(2.4) 


according to wetting equation, under isothermal conditions the change in surface energy as 
per unit area of a surface being wetted by the liquid is, 

7sL — Isv = —JlvCosO (2-5) 


Therefore the surface energy when the pair of parallel plates becomes wetted is 

2l{jsv — Jsl) — 2l{jivCos6) 


( 2 . 6 ) 


the forc'o (F) acting on the licpiid to cause it to wet the plates is, 

/YivCosd 


F = 2l- 


D 


(2.7) 
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So the velocity of flow of tlie liquid into the space between two parallel surfaces of separation 

(D), according this simple model is given by, 

— - iLvPCose 
dt 6ril 

Therefore according to this equation, rate of liquid flow increases when 

• The liquid-vapor surface tension, jiv increases 

• The joint gap, (D), increases 

• The contact angle 0 decreases. 


2.1.4 Surface Roughness of Components 

The roughness of joint surfaces can have a significant eflfect on the wetting and spreading 
behavior of a filler metal. It is well known that for each parent materials there is an optimum 
surface roughness for maximizing the spreading of the filler metals. Surface roughness reduces 
the effective contact angle 9*, where 9* is related to 9, the contact angle for a perfectly flat 
smfacc, thiougli tlic ichition, 

Cos9* = rCos9 (2.9) 

where r = _ At the same time, by producing a network of fine channels, 

plainarea j j ir a j 

the texturing may increase the capillary force acting between the filler and the component 

f 

surfaces. If the texturing is too deep, the capillary dams can be formed and these will impede 
the spreading of the metal. 

2.1.5 Dissolution of Parent Materials by Molten Filler Metal 

When filler metals are allowed to continue spreading beyond an initially wet surface area , 
for longer time, the litjuid flows into the joint will be associated with solid-liquid interfacial 
reactions, which are neglected in the fluid flow theory [3], due to which joint filling will be 
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sluggish at increased temperature and the viscosity of the molten filler metal will be reduced. 

Dissolution of the substrate and resulting growth of intermetallic compounds both follow 
Arrhenius type rate relationships represented by, 

RATE = expl^] (2.10) 

where Q is a activation energy at leactioii temperature (T). Interfacial reactions are impor- 
tant, not only in determining the flow characteristics of the filler and its wetting behavior 
but also the properties of the resulting joints. When a molten filler metal wets the parent 
material, there is normally some mutual solubility between them. It is usually manifested 
as dissolution of the surfaces of the parent materials in the joint region and the formation of 
new phases at either interface between parent materials and the molten filler metal or within 
the filler itself. 

2.2 Prime elements of the brazing process 

2.2.1 TcinpcraUire and time 

The selection of an optimum braze temperature requires an understanding of the influ- 
ence of temperature on both the wetting and flow of the filler metal, because the wetting 
and alloying action improves as the temperature increases. Of course, the temperature must 
be above the melting point of the brazing filler metal and below the melting point of the 

f 

parent metal. Usually the lower brazing temperatures are preferred to minimize the heat 
effect on the base metal, base metal/filler metal interactions, and increase the life of fixtures 
or other tools. On the other hand, higher brazing temperature may be desirable for the filler 
metal of which higher melting temperature, for permitting subsequent processing at higher 
temperature, and cflectivc removal of surface contaminants and oxides with vacuum brazing. 

The brazing filler metal of complex alloys melted over a range of temperature. Therefore, 
for a particular temperature within that range, some constituents will be molten and the 
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higher iiicK.ing const, it, ucntiS will loinaia solid. These would result in the separation of the 
lower melting constituents from the higher melting constituents of the filler brazing alloy 
and flow of this melted filler will be reduced for which the wetting and spreading tendency 
of the liquid phase will be hampered. The problem can be avoided by controlling the rate 
of heating and brazing time. 

The time at the brazing temperature also affects the wetting action, particularly with 
respect to the distance of creep, of the filler metal. If the filler metal has a tendency to creep, 
distance generally increases with time. 

2.2.2 Surface Preparation 

A clean, oxide-free surface is imperative to ensure uniform quality and sound brazed 
joints. This can be achieved by removing all grease, oil, dirt and oxides or any other surface 
contaminants from base materials and filler metals before brazing, because only then can 
uniforin capillary attraction be obtained. It is recommended that brazing should be done as 
soon as possible after the material has been cleaned. Otherwise unwanted surface contami- 
nants may develop due to atmospheric conditions, storage, and handling practices. Usually 
cleaning is done in two ways, chemical cleaning and mechanical cleaning. Which cleaning 
process should be used, depends on the nature of the contaminant. Chemical cleaning is the 
most effective means of removing all types of contaminant. 

On the other hand, surface roughness is also important in determining ease and evenness 

of flow of the braze filler metal in some cases. Generally, a liquid which wets a smooth surface 

1 

will wet a rough one even more, because a rough surface will modify filler metal flow from 
laminar to turbulent, prolonging flow time and increasing the possibility of alloying and 


other interactions. 
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2.2.3 Joint Design and Clearance 

A brazed joint is not a homogeneous body, it is a heterogeneous assembly composed 
of different materials with different physical and chemical properties. In a simplest case, it 
consists of the base material and braze filler metal. After brazing, a boundary zone will be 
formed between the base materials. Due to diffusion processes, the composition, physical, 
and chemical properties of that interface will be different from the base materials. This 
aspect should also be considered during joint design. 

Clearance between base materials is also an important factor, because without clearance, 
the braze filler metal flow will be very restricted and results in voids or shrinkage cavities in 
the joint after solidification. Therefore a small clearance and thin filler metal films provides 
sound joint. 

On the other hand, thermal expansion of dissimilar base materials is fundamentally 
important factor and complex. For example, in the ceramic to metal joining, there is a 
large difference of thermal expansion of ceramic and metal. During heating, the metal part 
will oxi)and moio than the ceramic i)art resulting in lesser clearance. During cooling, a 
stress field will develop in the interface region due to this thermal mismatch and result^ in 
poorer joint strength. Mizuhara et al [4] have investigated the effect of Ti concentration 
in the Cu-Ag filler alloy on the peel strength. Peel strength was observed to be maximum 
at a Ti concentration of about 1.5%wt. 'However, both b^low and above 1.5 wt pet Ti the 
peel strength was lower. According to them, plastic deformation of the brazing filler metal 
during cooling from the brazing temperature accommodates thermal expansion mismatch. 
Therefore, the increase in strength of the, brazing filler metal that is due to excess Ti content 
leads to poorer accommodation of thermal expansion mismatch and results in high residual 
stress and hence low joint strength. 
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2.2.4 Source and Rate of heating 

Heat must be supplied to the joint to raise the temperature of the filler metal and joint 
surfaces above the melting point of the filler metal. The joint surfaces need to be heated, 
otherwise the filler metal will be incapable of wetting them and will ’ball up’. To prevent this 
situation, it is good practice always to heat the filler metal via components to be joined and 
never vice versa. Twp available methods of heating are used, first is the local heating, and 
second is the difiuse heating. In the local heating, only those parts of the components are 
heated which are in the immediate vicinity of the joint. But in the diffuse heating methods, 
the temperature of the entire assembly is raised, which results in the increasing process cycle 
time. On the other hand, there is less risk of thermal distortion, and easier accurate control 
of temperature. 

Mizuhara ct al [4] have suggested that in case of ceramic to metal joining, the heating 
rate is a critical factor, especially when the filler metal shows a strong alloying tendency with 
the substrate materials. For example, when Ag-Cu eutectic (72Ag-28Gu) is used to braze a 
copjicr substrate, copper icadily dissolves into the Ag-Cu alloy. This leads to an increase in 
the melting temperature of the alloy. So a slow heating rate may result in a partial braze. It 
was also indicated [4] that a rapid heating rate is desirable in some cases, although this may 
not be possible when the ceramic member has a much higher mass than the metal member. 

I 

j 

2.2.5 Joining atmosphere 

For a molten filler metal to wet and bond to the base materials, the latterjmust be 
free from nonmetallic or oxides surface films. Although’ it is possible to ensure that this 
condition is met at the beginning of the heating cycle by prescribed cleaning treatments, 
significant oxidation will occur if the coihponents are heated in air. Therefore steps must be 
taken to either prevent oxidation or remove the oxide film as fast as it forms by controlling 
the atmosphere surrounding the workpiece during brazing process. Usually three typeiof 
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atmosphere are possible, oxidizing, inert (vacuum), and reducing. In some joining process 
oxidizing process is desirable, such as Cu-copper oxide eutectic brazing process, in which 
copper is brazed to ceramic materials. A reducing atmosphere is one that is capable of 
chemically removing surface contaminants from the base njaterials. But there is some risk, 
when dealing with hydrogen, because of the hydrogen embrittlement and explosion at high 
temperature. On the other side, it is very difficult to create inertness or full vacuum during 
brazing process in the inert or vacuum atmosphere. 

Mizuhara et al [4] have suggested that Ti readily reacts with oxygen, nitrogen, and water 
vapor in the brazing process. Consumption of Ti by interaction with the above depletes the 
amount of Ti available to wet the ceramic surface, and the reaction product can also form 
on the surface of the brazing filler metal which may prevent physical contact between Ti and 
ceramic part of the assembly. As a result, bonding with the ceramic will be poor. It was 
also indicated that, one of the best atmosphere for active brazing is a vacuum of level 10“® 
torr and leak rate of the vacuum furnace should be less than 0.67 Pa per hour. 

2.2.6 Filler metal flow and their characteristics 

The filler metal flow has a prime effect on the joint forpiation and its ultimate strength. 
Proper selection of filler metal provides more reliable and better joint strength. During filler 
metal flow, some complex metallurgical reactions may occur between base materials and the 
filler metal, which includes, carbide precipitation due to base materials effects, hydrogen 
embrittlement due to use of reducing atmosphere, heat affected zone may develop due to 
heating, vapor pressure over the filler metal effect, and alloying and stress cracking may take 
place due to base materials to filler metal interactions. 

On the other side, filler metal characteristics is also an important aspect for better joint 
strength. It demands some metallurgical knowledge to produce brazing filler metals that 
would meet moie specific needs. Some, of the filler metal characteristics are listed below, 
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which arc generally taken care to produce filler metals. 

• Ability to form brazed joints with mechanical and physical properties suitable for the 
intended service application. 

• Melting point or melting range compatible with the base materials being joined, and 
sufficient fluidity at brazing temperature to flow and distribute themselves into properly 
prepared joints by capillary action. 

• compositioir of sufficient homogeneity and stability to minimize separation of constituents 
during brazing. 

• Ability to wet surfaces of base materials and form a strong and sound bond. 

• Depending on requirements, ability to produce or avoid filler metal interactions with base 
materials. 

It should be pointed out that some specific alloy compositions known as eutectic do melt at 
one temperature rather than over a range of temperature. Therefore, melting characteristics 
may be an important consideration when selecting the brazing filler metal for a specific 
application. 

2.3 Application of Phase diagrani of Filler metals to 
Brazing 

! 

The phase diagram tells us about the ultimate balance of phases within the joint and 
those that are likely to be encountered during the progression towards equilibrium. A joined 
assembly in which the filler and abutting components are different materials are never in true 
compositional equilibrium, as long as the joint remains distinct. In most practical context, 
the composition of a joint will be tending toward equilibrium over most of its width, and 
therefore phase diagrams arc applicable to an assessment of its constitution. However, at the 
edges of the joint, marked compositional gradients may exist, causing a significant deviation 
from equilibrium. Phase diagram can assist in the elucidation of metallurgical reactions and 



2.3 Application of Phase diagram of Filler metals to Brazing 


16 


icsulting phases. Usually, the phase diagram gives us the following information. 

• The melting temperature of the ’virgin’ filler metal and of the abutting components. 

• The probable freezing range of the filler metal following alloying with the components and 
hence the remelt temperature of the joint. 

• Whether the filler alloy in the joint remains homogeneous after reaction with the compo- 
nents and, if not homogeneous, the phases that are likely to be present, or which may form 
subsequently, with their elemental compositional and melting temperatures. 


2.3.1 Filler metals from binary alloy systems 

A binary filler alloy with complete solubility in the solid state, used to join 
components of one of the constituent metals. Let us consider Au-Ni braze alloy used 
with nickel components. The Au-Ni phase diagram is given in Fig[2.3] [2], which shows 
this binary alloy system to posses a minimum melting point of 955°C, at 18%wt Ni. On 
either side of this composition, the liquidus and solidus boundaries separate, with the alloys 
melting over a range of temperature. Within the melting range, the alloy is partly liquid 
and partly solid. On cooling below the solidus temperature, an alloy of this system exists 
as a single phase solid, but as temperature is slowly lowered, this phase separates into two; 
one Au rich and the other Ni rich. ; 

The temperature of decomposition varies with the composition, reaching a maximum 
of 810°C at 41.7%wt Ni as shown in the Fig[2.3]. The 18%wt Ni all alloy composition 
corresponding to the minimum melting point is normally used for brazing alloys, because it 
completely melts at a unique temperature. 

A Au-50Ni is also used as brazing alloy. But the Au-Ni phase diagram shows that it 
has a solidus and liquidus temperature of 1000‘’C and 1200°C, respectively. Thus melting 
range of this composition is IDOO^’C to 1200'’C, and brazing operation should be done above 
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Atomic Percent Nickel 



Figure 2.3: Au-Ni phase cliagtam. The eiosiou of a Ni substrate by a Au-Ni braze and the 
associated change to the composition of the filler metal are indicated. [2] 


1200°C. On heating the braze above its liquidus temperature, the braze will wet and simul- 
taneously dissolution of Ni substrate will take place. The composition changes to Au-70Ni 
approximately. 

A binary eutectic composition braze used with components of one of the 
constituent metals with no intermetallic compound formation. A representative 
example of this type of reaction is a Ag-Cu braze used to join copper components. The 
Ag-Cu phase diagram is shown in Fig(2.4] [2]. Which shows that at a single composition 
i.e., eutectic, (Ag-28%wtCu), liquid phase will transforms to two solid phases at a unique 
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tenipeiature, 779°C. Thus according the reaction, L = a + ^, at the eutectic composition, 
solid alloys form as a mixture of Ag rich(o;) and Cu rich(/5) phases, and for all other com- 
positions, the liquidus and solidus temperatures are separated from each other giving rise to 
solidification over a range of temperature. 



Figure 2.4: Ag-Cu phase diagram. Brazing of copper components with Ag-28Cu eutectic braze 
results in dissolution of copper into the molten filler metal. [2] 


At the joining process iemi)erature, the braze will dissolve copper until equilibrium 
concentration of Cu is reached. In this case, dissolution of copper increases the liquidus tem- 
perature of the filler metal but not its solidus temperature because eutectic transformations 
are isothermal. On cooling below the liquidus temperature, the excess Cu-rich phase(/?) will 
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solidify first, t.liis piccipi(.atiou will occur picferentially at the components/fillcr metal inter- 
face because heat lost via extremities' of the assembly provides the interface to be slightly 
cooler. The precipitation will continue until the temperature and the composition of the 
remaining liquid reach the eutectic point. 

Generally eutectic alloys are preferred as filler metals because of the following charac- 
tciistics, 

• Sui)erior spreading behavior when molten and melted at a unique temperature and not 
over a range of temperature. 

• The duplex character and the fine grain size of the eutectic microstructure, provides en- 
hancement of both the strength and ductility of a metal. 

• Joining process temperature can be chosen to be only slightly above the melting point of 
the alloy. 

• A rapid liquid to solid transformation on cooling, without intervening pasty stage and al- 
loying of the filler metal does not greatly shift the composition from its eutectic point. 
There are a number of braze metals such as Cu base alloys, Ag base alloys, and Au base 
alloys. They show supciior brazing properties. 

2.3.2 Filler metal from Ternary alloy system 

It is not correct to say that only binary alloys are used as the filler metal. The ternary 
and multicomponent alloys are also used as filler metal in many cases. But in these cases, 
alloying does not result in the formation of new phases. More commonly intermetallic phases 
are formed. The volume distribution and morphology of these intermetallic phases has 
pronounced effect on mechanical properties of the joint. From a relevant phase diagram it is 
po.ssible to predict whether the intermetallic compounds will form as a continuous interfacial 
layer against t.he parent matciials or will be dispersed throughout the joint. 
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complete intersolubility between a eutectic braze and the metal on the joint 
surfaces. A typical example of this type reaction is provided by a Ag-28%Cu eutectic braze 
used in the lluxlcss biazing of Au-platcd Mo component. For the three component system 
Ag-Cu-Au, tcnuuy phase diagiam is needed for the prediction of interinetallic compound 
that form in the joint. 

The liquidus suiface of tlie Ag-Au-Cu system is shown in Fig[2.5] [2]. 


Au 



Figure 2.5; Liquidus surface of the Ag-Au-Cu ternary system. [2] 


This surface contains a valley that runs from approximately the center of the diagram, 



2.3 Application of Phase diagram of Filler metals to Brazing 


21 


at the SOO^C isothenn, to the eutectic point on the Ag-Cu binary axis. The minimum 
temperature in the valley is 767°C at a composition of 45Ag-29Au-26Cu. Fig[2.6] represents 
an isothermal section at 700°C, where the phases are solid [2]. 


An 



Figure 2.G: Isothermal projection of the Ag-Au-Cu phase diagram at 700'’C A hypothetical tie 
line is shown linking the compositions of the two conjugate phases formed by the Ag-28Cu braze 
with a thin gold metallization. [2] 


These conii)nscs of two solid solutions, one is rich in Ag and Cu, and other is rich 
in An, sc|)ni;i(,0(l in llio Uinuglc by a paiabolic boundary. Pliase stability as a function of 
lompei ature is commonly represented by a diagram resembling a binary alloy phase diagram, 
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where either one of the constituents or the ratio of two constituents is held constant. When 
Au coating are used with the Ag-Cu braze alloy, the thickness of the Au layer will normally 
represent a maximum of about 2% of the volume of the metal in the joint. An Ag-Au-Cu 
plurse diagram at 2%wt Au is shown in Fig[2.7] [2], because a single diagram can not be 
used to track the solidification sequence. In the joining operation, the molten Ag-28%wtGu 
biazc fuses with the Au layer to form a single melt and consequently Mo will be wetted by 
molten alloy. 


Atonjic fVrccnl Copper 



Figure 2.7: Schematic section through the Ag-Au-Cu ternary system at 2 % Au. [2] 


On cooling the liquid filler will solidifies to produce a eutectic microstructure comprising 
Ag and Cu rich phases, each containing some Au, as indicated in the Fig[2.7]. 
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A luiiubci of fillci metals of this type have been developed due to increasing application 
of brazing in diffeient fields. Dissimilar combination of components such as ceramic to 
ceramic, ceramic to metal, glass to metal etc, can be joined by using these filler metals. 
Among them, Ag-Cu-In, Ag-Cu-Ti, Ag-Cu-Zn, Au-Cu, Ag-Ni-Pd are the leading usable 
filler metal for joining of ceramic to metal. A number of filler metal (both binary and 
ternary alloy) for brazing of ceramics are listed in the Brazing Hand book [3]. 

2.3.3 Reactive filler alloys 

The wetting of nonmetallic components by commonly used filler metals is more difficult, 
but it can be accomplished by two practical routes, one of these is to apply metallization to 
the joint surfaces so as to render them essentially metallic in character. E.F Brush,jr et al 
[8] in their work have investigated that vapor coating of Ti and Zr on the alumina ceramic 
is very eflective for enhancement of wetting, spreading, and capillary flow in brazing prpeess 
and results in sound joints. They also studied Cr and Ca coating for wetting of alumina 
surface, which results in poor wetting and weaker joint strength. Mizuhara et al [14, 15] have 
investigated that instead of vapor coating of Ti on the alumina surface, Ti powder with an 
organic binder can be screened on the ceramic surface or very thin foil of Ti can be placed on 
the ceramic surface during active brazing process. Another approach involves incorporating 
small quantities of highly reactive elements into the filler metal. 

When selecting a reactive filler alloy, the active ingredient should be optimum in con- 
centration, appropriately processed, and must be reactive with the nonmetal. One of the 
most commonly used active constituents is Ti, which, when added to the Ag-Cu base brazing 
alloys, can facilitate wetting of the majority of engineering ceramics. There is often a wide 
temperature margin between the melting point of the activated filler and the its temperature 
of application. The process temperature is governed by the reactivity of the filler, which in- 
creases with temperature. Thus to prevent extensive erosion of the joint surfaces or growth 
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of the thick iiitci facial pliasos, the heating cycle should be kept short range, because the 
mechanical properties of the joint depends on the nature and morphology of the interfacial 
phases, ihese reactive filler alloys are primarily used for joining to engineering ceramics and 
lefractory metals, namely oxides (alumina), carbides (SiC,WC), nitrides {ShNa, AIN) etc. 

2.4 Wetting of ceramic materials 

( 

Usually cciamics aic not wcLLcd by most of the filler metals, even when their surfaces 
are scrupulously clean. This is because, they are chemically very stable, with their atoms 
strongly bound to one another. Therefore, the ceramics will not react with and be wetted 
by the filler unless it contains an active element that can attach itself to the anionic species 
of the ceramic material, which in a compound or complex is normally either oxygen, carbon, 
nitrogen or a halide clement. The factors that govern the wetting of ceramics by active 
filler alloys should also be considered, because during wetting some chemical reaction occurs 
between active element and the ceramic surface. Thus, the behavior of the chemical reaction 
will also depend on (,he thermodynamic variables, such as Gibbs free energy, tcmperaturCj 
energy of the reaction, which should be taken into account to know about the nature of the 
reaction products. 

2.4.1 Wetting and Interface' reaction of Aluniina(yl? 203 ) 

A major problem with brazing an oxide ceramic is the resistance to wetting caused by 
the oxide film on the surface of the ceramic. A means of identifying the problem is to apply 
pressure to the braze filler metal with sufficient force to counteract the repelling force of the 
oxides. Nicholas et al [7] worked on the wettability of alumina by ternary alloys of Gu, Ti, 
and Al, gallium, Au, In etc. They concluded [7] that, the effect of increased Ti activity on 
wettability of alumina is not easy to asses since the free energy of Ti-AkOs redox reaction 
is small and hence the chemistry of the ceramic surface is uncertain. It was also argued that 
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the Ti to oxygen ratio of the ceramic surface must increase with Ti activity and changes in 
interfacial chemistry affecting wetting behavior can also influence bond strength. 

Brush et al [8] are worked on the wetting behavior of vapor coated alumina ceramics 
and concluded that, for a threshold thickness of Ti or Zr vapor coatings on alumina substrate 
effectively enhance wetting, spreading and capillary flow in brazing whereas the other metal 
coating such as Cr, Si germanium, Ni show lesser degree wettability. M.E Twentyman et al 
[9, 10, 11] has suggested that the high temperature metallization such as Mo and W paints 
are more effective for providing strongest seals between ceramic to metal. They have also 
indicated that, the commercial debased aluminas which were investigated contained a glass 
which were migrated at 1500°C and produced strong seals when the grain size of the alumina 
was suitably large. 

Interface reaction of alumina ceramic to Ti or active filler alloy is an important as- 
pect for the joining of ceramic to metal. Gubbels et at [6] in their work have compared 
between Ti-v 4/203 diffusion bonding and Ti brazing process, and concluded that during 
active brazing with a Ag-4wt% Ti foil, Ti-Al(O) intermetallics are formed first at the 
ceramic surface. When the filler material is depleted, the intermetallic is converted to 
Ti(0) and Al, which in turn diffuses through the Ti(0) and dissolves in Ag. Li et al 
[5] have investigated the Ti-Al-0 system, from which an isothermal section is shown in 
Fig[2.8] [5]. They reported that, in a infinite Ti- AkOZ diffusion couple the layer sequence 
IS Ai 20 'i/TiA\/Ti 3 A\/Ti 20 /Ti, which leads to the diffusion path indicated in the phase dia- 
gram Fig[2.8]. In a finite symmetrical alumina-thick(Ti)-alumina sandwich diffusion couple, 
however, the layer is AI 2 O z j Ti A\ ! T iz A\ j T ^0 / T iz A\ [TiAi / Al20i . 

B.Lee et al [5] have indicated that TiAl always form first at the Ti/AlzOz interface when 
reacted at 1100°C, but the stability of TiAl begins to decrease when Ti matrix is saturated 
with oxygen and the TiAl layer that formed earlier transforms to TizAi. The resultant layer 
sequence becomes [aTi) /TizAi j AlzOz- However, when the initial Ti layer was thick, the 



‘Z.J) Wcltin;) of ceramic matciials 


2G 


1/2 Oj 



Figure 2.8: Isothermal section of the Ti-Al-0 system at 1100°C and the diffusion paths between 
Ti and AI 2 O 3 in fiuitc(thin) and iufinilc{thick) couples. [5] 


saturation of Ti matrix with oxygen takes rather a long time, and TiAl can be observed 
resulting in the layer sequence {PTi)/{aTi)/Ti 3 A\/TiAl/Al 203 . 

I 

2.4.2 Reactive wetting and Interfacial reaction of SiC by Active 
filler metal 

The reactive brazing of SiC involves many complicated bonding processes in which the 
ceramic dissolves in the molten alloy and many elements react together to form reaction 
products. Although the dissolution of ceramics and the nucleation and growth of reaction 
piotlucls aio known the initial reaction kinetics h<is not yet been understood. Iwarnoto et al 
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[19] Intvo icpoiiccl ill ihcii woik, tlifit, in case of SiC wetted by active filler metal (Ag-Cu-Ti), 
a scries of chemical reaction takes place and results in the formation of TiC at the interface. 
The reaction can be written as, 


SiC = Si + C 

(2.11) 

C + Tt = TiC 

(2.12) 


It was also suggested that[20], SiC lattice in contact with the molten Ag-Cu-Ti alloy ini- 
tially dissolves with a few lattice planes along the (0001) plane and TiC epitaxially on the 
basal plane of SiC in the Si-C-Ti(-Ag-Cu) liquid phase. The TiC growth process was the 
rate- determining stop and the TiC nanoparticles remain in the liquid phase when the SiC 
dissolution rate increases and TiC particles join together to form coarser particles. 

H.K.Lee et al [22, 21] have investigated on the decomposition and interfacial reaction 
of SiC/Cu-5at% Ti interface. They have suggested that the formation mechanism of the 
reaction products in the interface was as follows:, the decomposition of SiC releases graphite 
and silicon iai)idly 

SiC{S) = Si + C {graphite) (2.13) 

and dd mov(',s into the decomposition legion and reacts with graphite to produce TiC at the 
side of SiC through the reaction 

C (graphite) + Ticu = TiC{S) (2-14) 

* / 

Simultaneously silicon dissolved in the copper melt, moves out of the decomposition region 
through the copper melt, and reacts with Ti to produce Ti^Siz. 

3Si + bTi = Ti5Si3 . ' (2-15) 

Silicon released from the decomposition reaction also causes the brazing alloy to change 
from the copper plmsc to the copper silicides such as CurSi and CuzSl The formation of 
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Uic copper silicicle dopciicis ou the brazing time, brazing gap and the presence of Ti in the 
filler metal. 



Chapter 3 


Experimental Procedure 


The alumina ceramic circular disks used in this investigation were of very high pu- 
rity(approximately, alumina powder was 99%+ pure). The circular ceramic disk was made 
by mixing of alumina powder with polymeral alcohol(PB) binder and was pressed in cold 
condition into the | inch dia die by maximum pressure of 8 tones and was then sintered at 
1500®C for 3 hours at horizontal tubular furnace. 

The filler metals used were mainly Ag-Cu base eutectic alloys of composition 72Ag-28Cu 
and 63Ag-27Cu-10In, which were melted in silica capsules under vacuum. While making the 
filler metals, the melt was continuously stirred to ensure the formation of a homogeneous 
alloy and no segregation of the liquids. This alloy ingot was then cut into several discs to 
make the filler metal for the brazing process. 

For the joining of ceramic to metal, the alumina, silicon carbide were used as ceramic 
member and stainless steel, niobium and pure iron were used as metal members. Titanium 
slice were used as an active metal for better wetting of ceramic surface. The metal members, 
stainless steel(12mm dia), niobium(6mra dia), pure iron(6mm dia) and titanium(10nim dia) 
had nearly circular cross section. A preliminary cut was made along the cross section using 
diamond cutter to make their surface flat. The Ti circular slice was thinned down to |th 
mm by grinding gently, for getting better wettability. 'I his surface was then polished using 
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standard luctallogiaphic tccluiiqncs to ensure optically flat surface for good bonding. The 
ceramic member {AkOs), filler metals (Ag-28Cu, Ag-27Gu-10In), and the metal member 
(stainless steel, niobium, pure iron) were also polished to ensure maximum area of contact 
between them and for getting effecting bonding. All the surfaces of the samples were then 
cleaned in ultrasonic cleaner to make sure that there is no unwanted particles on the surfaces 
which could hinder bonding. 

The samples were then kept in an assembly as shown in Fig[3.1]. The sequence of the 
samples were as follows, the ceramic part was kept at the lowest position, on to which Ti slice 
was placed. It was followed by the filler metal and the metal part was at the top position. 
A graphite block was jilaccd on the metal part and made screw tight. The graphite block 
were used to lower the oxygen potential and to separate the metal part from the screw. 



Figure 3.1: Section of the assembly in which the specimen were prepared. 
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The assembly was kept in a clean quartz tube and connected to a rotary vacuum pump. 
Vacuum of around 10“^ to 10“^ torr was obtained thereby ensuring little high temperature 
oxidation of the metals. The quartz tube was gently lowered inside a vertical furnace and 
kept at a fixed temperature. 

The /l./203/Ti/Ag-28Cu/stainless steel or Nb or Fe were kept at 900°C for 9 hours and 
16 hours, and the /i/2(^3/Ti/Ag-27Cu-iOIn/stainless steel or Nb or Fe, diffusion couples were 
brazed at 800°C for 16 hours. The brazed samples were then air cooled keeping the vacuum 
pump running to ensure no oxidation and air entrapment in the liquid during cooling. 

After joining of ceramic to metal the diffusion couple was cooled down to room tempera- 
ture and cut with the help of a diamond cutter to expose the interfaces regions as shown in the 
Fig[3.2]. It was then mounted and polishing using the standard metallographic techniques. 



Figure 3.2: The lino along which the brazed specimen was cut to expose the interface 

The interface legion was then studied using Electron probe microanalyscr(BPMA) where the 
composition of the various phases were determined. Scanning Electron microscopy(SEM) 
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was also oarncd out on these samples to study the microstructure of various phases formed 
during solidilication and the intermetaliic layers. 



Chapter 4 


Results and Discussion 


4.1 A/203/Ti/Ag-28Cu/Pure Iron(Fe) System 

The alumina ceramic was brazed with pure iron by using Ag-28%Cu binary alloy as 
filler metal and Ti as active metal, at 900°C for 16 hours. The results shows a complex 
microstructure due to presence of large numbers of element in the system. The microstructure 
can be explained by dilfusion as well as chemical reaction mechanisms. In this system,, 
the binary phases may appear in the microstructure from the Ti-Fe, Ti-Cu and Ag-Cu 
systems, and the ternary phases from the Ag-Cu-Ti, Al-Cu-Ti, and Ag-Cu-Fe systems. The 
compositions of different layers are derived by using EPMA as shown in Table[4.1]. 

t 

4.1.1 Phases from binary systems 

As the experiment is carried out at 900^0, the binary phases will be formed during so- 
lidification from that temperature. Interfacial reactions take place at three interfaces, such 
as metal (Fe) /filler alloy, filler/Ti, and at the Ti/ceramic(A/ 203 ). As we scan the microstruc- 
ture a number of interfaces and layers of intermetallic compounds formed as shown in the 
nncrosinu'iurc Fig[4.1]. In this system TiFc phase has formed at the Fc/fillcr metal(Ag- 
28Cu) inteiface. The micros tructuie also shows different morphologies of FiFe compounds. 
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Table 4.1: Composition(at%) of the elements in the different layers of the brazed specimen, 
alumiiia/Fe, by using Ag-28Cu as the filler metal, taken by EPMA. 


SL. No. 

Ag 

A1 

Cu 

Fe 

Ti 

Identified Phases 

1 




99.90 

0.006 

Pure Iron 

2 

jgilMI 



1.89 

0.00 

"Ag-rich Solution 

3 

5.35 

long 

5.06 

41.48 

47.52 

TiFe 

4 

0.35 

BiMifcll 




TiFe2 

5 

79.50 

6.53 

13.22 

0.47 

0.26 

Ag-rich Solution 

6 

56.34 

4.63 

38.48 

0.27 

mmm 

Ag-Cu Eutectic 

7 




0.12 

BiliEB 

Ag-rich Solution 

8 


mam 

12.81 

lililiH 

0.03 

Ag-rich Solution 

9 


3.67 

49.38 

Kjai 

0.22 

(a-f-/d)mixture 

iO 

4.89 

2.53 

23.68 

12.83 

56.04 

Unknown Ternary phase 


Fig[4.2]. The TiFe phase appeals as a dark wavy layer at the Fe/filler metal interface. The 
compound TiFe, witli CsCl structure forms fiom tlie melt by peritectic reaction (L + TiFca 
= TiFe) at 1317°C. The TiFea phase melts congruently at 1427°G. The (aTi) solvus is ret- 
rograde in form, and the maximum solubility of Fe in (ctTi) is 0.05at%Fe at about 700°C. 
The maximum solubility of Ti in ( 7 Fe) is 0.8at% at approximately 1150°C as reported by 
J.L.Murry [23]. The TiFe 2 phase forms as light region within the dark TiFe layer, Fig[4.2]. 
The TiFe 2 is a MgZn 2 type laves phase. Alloys of composition near TiFe 2 are very reactive. 
It has been reported [23] that such aHoy get contaminated by alumina crusible and for that, 
thoria had to bo used. Ray [30] in his work, reported that (/3Ti) solution contain 35 at% Fe, 
and TiFe from 35 to 50 at% Fe. The lattice parameters of the ordered and disordered phases 
follow a single linear trend with composition, from which he concluded that the metastable 
ordering transition may be a second order reaction. 

The luicrostructure also shows that Tj 2 Cu intermetallic forms at the Ti/filler metal 
interface, as dark region polyhedral light colored region, Fig[4.3]. Examination of Ti-Cu 
phase diagiam [25] shows n number of intcimctallic compounds in this system. The ri 2 Cu 
phase forms through the eutectoid reaction (y0Ti) = (a;Ti)+Tf 2 Cu at 790°C during cooling. 
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Figure 4.1:. All the interfaces and layers of intermetallic compounds in the joint area of the specimen 


It is a stoichiometric compound, having Mo5i2 type structure. The maximum solubilities 
of Cu in (aTi) and (/?Ti) are 1.6 and 13.6 at% at and 1005°C, respectively. The 

maximum solubility of Ti in Cu is 8 at% at 885‘’C, as referred by J.L.Murry [25]. 

As we scan the solidification microstructure of the splecimen, the different morphology 
of Ag-rich(a) and Cu-rich(/?) solid solutions are shown in Fig[4.3] and Fig[4.4]. The phase 
mixture appears as rod like eutectic with white region next to the metal/filler metal interface. 
The results taken by EPMA emphasized that in some position of the interface, Ag-Cu system 
forms as solid solution and in another position it shows exactly the eutectic composition 
without formation of any intermetallic compounds. From the Ag-Cu binary phase diagram 
[2], which shows a simple eutectic reaction, we can concluded that on cooling below the 
liquidus temperature, copper rich solid solution will solidify first and this precipitation tends 
to occur preferentially at the interface between the components and the braze, because 
this interface tends to be slightly cooler than the volume of the molten braze due to heat 
loss via the extremities of the assembly. Precipitation continues until the temperature and 
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Figure 4.2: Different morphology of TiFe compound as a dark wavy layer at the Fe/filler metal 
interface 


composition of the remaining liquid reach the eutectic point and forms a small volume 
fraction of the eutectic structure. 

4.1.2 Phases from Ternary systems 

The result shows that some ternary phases form in the Ti/filler metal interface. The 
probable ternary systems are Al-Fe-Ti and Ag-Cu-Ti. The probable ternary phases are 
rhTiFeaAl), T 2 (TiFeA^ 2 ) and {TisFezAl 22 )- The ternary phases are formed from binary 
Ti-Fe phases with some solubility for Al. The TiFe phase has 15 to 24 at% solubility for 
A1 and hence increasing the lattice parameter of TiFe and form the ternary phase TiFeA/ 2 - 
As much as half of the Fe in the TiFe 2 phase can be replaced by Al and change the lattice 
parameter of the TiFe 2 phase and form the ternary compound TiFe 2 Al. There are a number 

4 

of ternary and binary intermctallic phases in the Al-Fe-Ti ternary system as seen in the 
isothermal section at SOO^C [27]. Ghosh reported [27] that n phase has a cubic structure. 



4.1 Al20z/Ti/Ag-28Cu/Pure Iron(Fe) System 


37 


INTERMETALLIC LAYERS 

A12b3/Cu/Fe _ • 

5692 15KU XiiSee leMi HD 6 

Figure 4.3: TiaCu intermetallic compound forms as a polyhedral structure at the Ti/filler metal 
interface 

The homogeneity range of the T 2 phase at SOO'^C is from 40 to 50 at% A1 at 24 at% Fe and 
the Ts phase has the composition T% 2 \Fe^Al^^. 

In the Ag-Cu-Ti ternary system [26] no ternary compound has been reported. Only 
some intermediate binary phases of Ag-Ti and Cu-Ti systems are found. At the Fe/filler 
raetaI(Ag-28Cu) as well as the Ti/filler metal interface, as discussed in the previous section, 
the result did not show any Ag-Cu-Fe ternary phases at the Fe/filler metal interface. One 
unknown phase of Fe-Cu-Ti ternary system, has been found in the Ti/filler metal interface, 
Fig[4.3]. It is difficult to identify this phase as no ternary phase diagram of Fe-Cu-Ti is 
available at present. But if we consider the binary phases of Ti-Cu and Ti-Fe system then 
Ti 2 GvL phase is the only possible phase that may form at this interface. 
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Figure 4.4: DifFcrcnt morphology of Ag-rich(a) and Cu-rich(/?) solid solution 


4.2 A^203/Ti/Ag-28Cu/Stainless Steel(Fe“Ni-Cr) Sys- • 
tern 

The alumina ceramic was brazed with 18-8 stainless steel by using the Ag-28Cu binary 
alloy as a filler metal and Ti as the active metal at gOO^C for 9 hours. The microstructure 
appears to the complex due to the presence of large number of element in the system. The 
composition of dilfercnt element taken from different position of the diffusion couple are 
shown in Table [4. 2]. 

Most of the identified phases appear to belong the binary systems, such as Ti-Fe, Ti- 
Cu, and Ti-Ag. At some positions of the diffusion couple, ternary phases of the Fe-Cr-Ti, 
Fe-Cu-Ti and Ag-Cu-Ti systems appear in the microstructure, Fig[4.5j. 
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Table 4.2: Composition(at%) of the elements in the different interfaces and layers of the 
brazed specimen, alumina/stainless steel, by using Ag-28Cu as the filler metal, taken by 
EPMA 


SL No. 

Ag 

A1 

Cu 

Cr 

Fe 

Ni 

Ti 

Identified Phases 

1 

79.95 

6.16 

13.21 

0.00 

0.00 

0.00 

0.66 

Ag-Cu Solid Solution 

2 

43.36 

3.84 

49.28 

0.00 


0.00 

3.49 

{a+P) mixture 

3 

IIQgl 


39.88 





TiCu 

4 

2.73 

4.85 

9.22 

0.00 

IHB9I 

0.11 

82.92 

(/JTi) 

5 

3.73 

3.81 

43.17 

0.04 

■nnai 

gm 


TiCu 

6 




0.05 

0.22 

iilBl 


(a+P) mixture 

7 

85.55 

0.46 

13.51 

0.00 

0.16 



Ag-rich Solution 

8 



mol 


mm 

0.05 

0.05 

Ag-rich Solution 

9 


KlBl 

msmim 

0.84 

11.22 



(TiCu + TfaCu) 

■HQII 


liifetei 



5.57 

0.35 

12.78 

TiCu + Ag matrix 

11 

2.87 

PICT 



55.90 

1.12 

15.95 

Unknown Ternary phase(Fe-Cr-Ti) 

12 

0.06 

liiaa 




2 69 

4.90 

(aFe) 



0.00 

0.17 

19.50 

72.82 

7.47 

0.02 

18-8 Stainless Steel 


ESBi 

0.02 

0.04 

20.02 

72.97 

6.89 

0.02 

18-8 Stainless Steel 
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4.2.1 Phases from Binary systems 

From the compositional data taken by EPMA and solidification microstructure, it is 
confirmed that TiCu, ri 2 Cu binary phases form at the Ti/filler metal interface, Fig[4.5]. 
The solubilities of Cu in Ti and their formation mechanism are discussed in the section 
4.1. As we scan the microstructure of the sample, the ri 2 Cu phase forms as dark cuboid 
particle layer at the Ti/filler metal (Ag-28Cu) interface, Fig[4.6]. The TiCu phase forms at 
the Stainless steel/ filler metal (Ag-28Cu) interface as dark wavy layer, Fig[4.5]. 



AL203/CU/SS 
1001 15.0KU 


'ceramic 


X200 


Figure 4.5: All the interfaces and layers of intermetallic compound at the joint area. . 


The result shows inadequate data for the Ti-Ag phase formation. The microstructure 
also shows some Ag-Cu rod-like eutectic structure, Fig[4.7]. The structure forms simply 
by the eutectic reaction at 779®C during solidification from 900°C. The 18-8 stainless steel 
contains 18% Cr and 8% Ni, which may allow us to consider binary and ternary phases 
from the Ti-Cr and Ti-Fc systems. The Ti/ceramic(AZ 203 ) interface composition indicates 
{PTi) formation, which has a bcc structure. Lee et al [5] has indicated that there will form 
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Figure 4.6: Morphology of TiCu and Ti 2 Cu intermetallic compound at the Ti/filler metal interface. 


a metastable phase boundary between Ti and AI 2 O 3 , at higher temperatures before the 
formation of interfacial reaction products. 

4.2.2 Phases from Ternary systems 

No ternary compound from the Fe-Cr-Ti system has been observed. There are two 
binary phases, TiC'r 2 and TiFe forms with some solubility for other elements. This phases 
lorm next to the stainless steel/liller metal interface with distinct wavy intermetallic layer, 
Fig[4.5]. If we examine the phase diagram of the Ti-Cr system, the TiCr 2 phase forms 
through the eutectoid reaction (/?Ti) = (aTi) + TiC'r 2 at 670°C. It is difficult to identify the 
crystal structure of Ti(7r2 phase. The morphology and reaction mechanism of TiFe phase 
has already discussed in the previous section. 

No ternary compound of the Ag-Cu-Ti system has been found and only the binary phase 
TiCu is observed in the Ag matrix as dark particles, Fig[4.6]. Simultaneously compositional 
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Figure 4.7: Eutectic structure of solid solution. 


data of EPMA shows a ternary compound of the system Fe-Cu-Ti. But as no reliable ternary 
phase diagram of Fc-Cu-Ti is available, it is difficult to analyze the phases formed by the 
system. 


4.3 vlZ203/Ti/Ag-28Cu/Pure Niobium(Nb) system 

The alumina ceramic was brazed with pure Niobium by using Ag-28Cu alloy as the filler 
metal and Ti as the active metal at 900°C for 9 hours. As the experiment was carried out at 
low temperature (900°C), the wetting of Nb was inadequate due to higher melting point of 
Nb. Nevertheless, some binary phases have formed in the diffusion couple. The compositions 
of element present at different positions of the diffusion couple are shown in Tabie[4.3]. The 
phases are mainly derived from Ti-Cu, Ti-Ag and Ag-Nb binary system. 

The phases are mainly derived from Ti-Cu, Ti-Ag and Ag-Nb binary system. 
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Table 4.3: Coniposition(at%) of the elements in the different interfaces of the brazed speci- 


SL. No. 

Ag 

Al 

Cu 

Nb 

Ti 

Identified Phases 

1 

0.00 

0.05 

0.00 

99.95 

0.00 

Pure Niobium 

2 

43.55 

3.39 

52.04 

0.04 

0.95 

{a+P) mixture 

3 

58.78 

4.19 

8.18 

23.92 

4.27 

Unknown Ag-Nb phase 

4 

46.30 

4.04 

4'8 58 

0.00 ’ 

1.06 

[a+p) mixture 

5 

0.29 

9.42 

38.48 

1.16 

50.63 

TiCu 

6 

42.10 

3.13 

25.15 

0.35 

29.26 

TiCu -t- Ag matrix 

7 

0.24 

8.88 

38.75 

1.21 

50.89 

TiCu 

8 

0.69 

11.20 

35.31 

1.46 

51.32 

TiCu 


4.3.1 Phases from Binary systems 

The compositional data and microstructure shows that the TiCu phase form into the Ag 
matrpc as a dark particle with wavy layer at the Ti/filler metal interface, Fig[4.8]. The TiCu 
phase forms through the reaction L = TiCu at 985‘’C. This phase has Bn structure, with a 
homogeneity range of 48 to 52 at% Cu and melts congruently at 985‘’C. With increasing at% 
of Cu and lowering of temperature, the TuCu phase goes through the peritectic reaction L 
+ TiCu = Tz^Cu^ at 925°C to give the Ti^Cui phase. 

An unknown binary phase of Ag-Nb system has also been found from the compositional 
data and the rnicrostructure, Fig[4.9]. This phase appears as bright spheroidal particles 
at the Nb/liller metal interface. At some positions of the interface, a mixture a and 
phases of the Ag-Cu system forms by eutectic reaction because the Ag-Cu of the eutectic 
composition produces simply Ag-rich(a) and Cu-rich(/?) phases during solidification from 
the liquid state. Fig[4.10] shows rod-like nature of Cu rich(/?) phase in a fine dispersion of 
the Ag-rich a matrix. 
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Figure 4.8: TiCu intermetallic compounds into the Ag matrix as a dark particle. 


4.3.2 Phases from Ternary systems 

One conii)osi(,u)n?il data aic inatclicd with ternary composition of Ag-Cu-Ti system. 
This unknown pliase has been observed a white region next to the Ti/filler metal interface 
as we scan the solidification microstructure of the specimen. Kubaschewski has reported [26] 
that there is no ternary compounds in the Ag-Cu-Ti .system but the intermediate phases may 
appear mainly from the Ti-Ag and Ti-Cu systems. From the study of Ti-Ag phase diagram, 
it can be confirmed that this bright region is nothing but a TiCu dark phase in a Ag-rich 
matrix, Fig[4.8]. Kubaschewski has also indicated [26] that at 700°C the Ag solid solution 
is in crjuilibriuin with all the phases which exist at this temperature, except Ti, TiCu and 
TiAg. Although, TiCu and TiAg phases are isothermal but not in equilibrium to each other. 
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Figure 4.9; Unknown phase from Ag-Nb system as a spheroidal particle. 


4.4 yl/2O3/Ti/Ag-27Cu-10In/Pure Iron(Fe) system 

The alumina ceramic was brazed with pure iron by using the Ag-27Cu-10In alloy as 
the filler metal and Ti as the active metal at 800°C for 16 hours. Due to large number of 
element present in the system, a complex microstructure results. The compositional data is 
given in the Table[4.4]. A number of intermetallic compounds are formed as shown in the 
microstructure of Fig[4.11]. The intermetallic compound layer that form at the interfaces are 
mainly from Ti-Cu and Ti-Fe binary systems. Some ternary compositions are also observed. 

4.4.1 Phases from Binary systems 

The TiFe 2 binary phase have been found as a dark continuous layer next to the pure 
iron as can be seen from the microstructure, Fig[4.12]. From the study of the Ti-Fe diagram, 
TiFe 2 phase form through the reaction L = TiFe 2 by congruent allotropic transformation. 
Similar to the compositional data of section [4.1] the TiFe intermetallic compound is observed 
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Figure 4.10; Rod-like nature of Cu-rich P phase in the Ag matrix(a). 


at the Ti/filler metal interface. Generally this phase form through the peritectic reaction L 
4- TiFe 2 = TiFe at 1317°C. The microstructure, shown in Fig[4.13], shows the small dark 
layer of TiFc, as conlirmed by the results. The binary phase TizCu^ from the Ti-Cu systerh 
has been found next to Fe/filler metal interface througb the peritectic reaction L -f TiCu = 
TizCui at 925°C. 

This phase forms as dark particles within the white region near the interface, Fig[4.13]. 
The Cu present in the Ag-Cu alloy comes contact with the Ti and forms dark Ti^Cu^ 
particles. This phase is a stoichiometric compound and having similar crystal structure with 
Ti^Cuz and Ti20\x. The eutectic structure of the Ag-Cu {a+P) are also seen in this diffusion 
couple. But in this system, no rod-like structure of the Ag-Cu eutectic has been observed. 
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Table 4.4: Coinpositiou(at%) of the elements in the different layers of the brazed specimen, 
alumina/Fe, b}^ using Ag-27Cu-10In as the filler metal, taken by EPMA 


SL. No. 

Ag 

A1 

Cu 

Fe 

In 

Ti 

Identified Phases 

1 

0.00 

0.00 

0.05 

99.92 

0.00 

0.02 

Pure Iron 

2 





6.83 

4.80 

{a+P) mixture 

3 

0.06 

0.07 




34.41 

TiFea 

4 

49.38 

4.14 

28.23 

1.09 

16.85 

0.28 

Ternary phase (Ag-Cu-In) 

5 

41.69 

6.89 

46.64 


4.42 

0.01 

(a+P) mixture 

SB 

3.24 

0.38 

54.53 


HQ 

40.03 

Ti-^Cu^ 

SB 



52.02 


mnm 

0.00 

Ag-Cu eutectic 

8 

42.74 


50.92 

■ami 

MMM 

0.34 ' 


9 

52.07 


34.64 

B^l 

6.01 

0.17 

)) 

10 

66.37 


11.72 

5.72 


0.83 

Ag-rich solution 

11 

6.76 





47.66 

TiFe 

12 



0.00 

0.35 

0.00 

0.63 

AI 2 OZ Ceramic 


4.4.2 Phases from Ternary systems 

Although some compositional data gives the ternary composition, but no ternary inter- 
mctallic compounds ai)pcais to have found in this diffusion couple. 

4.5 yl/ 2 O 3 /Ti/Ag- 27 Cu- 10 In/PureNiobium(Nb) system 

The alumina ceramic was brazed with pure niobium by using Ag-27Cu-10In ternary 
alloy as the filler metal and Ti as the active metal at SOO^C for 16 hours. The composition 
of the element in the different layers, taken by EPMA are shown in Table[4.5]. 

A large number of intermetallic compound are observed from the Ti-Cu binary system 
at the Ti/filler metal interface. An intermetallic compound of the Ti-Al system forms at 
the Ti/ccrainic(Af 203 ) interface. An unknown intermetallic compound of Ag-Cu-Ti system 
is also observed, microstructure of layers that form in the diffusion couj>lc is shown in 
Fig[4.14]. 
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Figure 4.11: All the interfaces and layers of intermetallic compounds formed into the joint area of 
the specimen. 





4.5.1 Phases from Binary systems 

The microstructure shows that the TiCu phase forms next to pure niobium at the 
Nb/filler metal interface as a dark region, Fig[4.15], Fig[4.18]. According to the Ti-Cu phase 
diagram [25] this phase forms through the eutectic reaction L = Ti 2 G\i 4- TiCu . The ri 2 Cu 
phase also formed in this diffusion couple but near the active metal/filler metal interface. 
The 'riiCu^ stoichiometric compound formed as a bigger dark particle in the light matrix 
of Ag, Fig[4.15]. The Ti^Cu^, Ti 2 Cu^ and Tr'aCu intermetallics are formed at the Ti/fillcr 
metal interface, Fig[4.1C]. Between the congruent melting point of TiCu and the eutectic 
reaction at 73 at% Cu, there is a cascade of peritectic reactions involving the compounds 
TizCui, Ti 2 Cu 3 , TiCti 2 , and TiCu 4 . These intermetallic compounds forms as single layers 
next to the active metal(Ti), Fig[4.14]. The TiAls intermetallic compound from the Ti-Al 
system is observed at the Ti/cerenniciAkOz) interface as dark layer, Fig[4.16]. The TiAk is 



^.5 Al20z/'^ lOIii/Pure Niobiuni(Nb) system 


49 



H 1 2 0 3 I n F e — 

S h i'i -! 1 s I n 'V' fi fi 1 r< 1.' > 


METAL 


Figure 4.12; 


Structure of TiFea phase as a dark continuous layer next to the pure iron. 


a stoichiometric compound with DO 22 ordered fee structure. 

This phase forms through the peritectic reaction and at lower temperatures it transforms 
to aTi/i/s phase. J.L. Murry has reported [23], the formation of this intermetallic compound. 
The TiCw 4 phase has been reported by Bru [29] and Gie [28]. 

4.5.2 Phases from Ternary systems 

The comi)ositi()ual data also shows some ternary phase composition of Ag-Cu-In and Ag- 
Cu-Ti systems in some position of the diffusion couple. As no ternary compound formation 
IS reported for both these systems, it is difficult to identify the ternary compounds. In the 
case of Ag-Cu-In ternary system, the Ag content is higher and the Cu and In content is 
inadequate to form the ternary phases from this system. From the study of the ternary 
phase diagram [31] of Ag-Cu-In, it can be be confirmed that the phase is nothing but an 0:2 
(Ag) phase as scon in the microstructure, Fig[4.17] . 
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Figure 4.13: TiFe phase as a small dark layer at the Ti/filler metal interface. 


It is observed as a bright region on the filler metal. Kubaschewski et al [31] has reported 
that the 71 {Cuyinz) phase occurring at high temperatures in the Cu-In system, forms a 
solid solution with the low temperature 72 {Ag^Irii) ph'ase of the Ag-In system and the bcc 
high temperature jjhases of the Cu-In system (/?i) and /?2 of Ag-In system both get stabilized 
in the ternary and decompose eutcctically at 490°C and 475°C respectively. In case of Ag- 
Cu-Ti system, no ternary compound has been reported. Binary phases from Ti-Cu or Ti-Ag 
systems may form, as intermediate phases, at the interface. As the Ag and Cu content is 
more or less the same and the Ti content is inadequate to form the binary phases of the 
Ti-Cu and Ti-Ag, it appears to be an unknown ternary compound of Ag-Cu-Ti system. This 
phase form as a white layer at the Ti/filler metal interface, Fig[4.16]. 
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Table 4.5: Composition(at%) of the elements in the different interfaces and layers of the 


brazed specimen, alumuiia/Nb, by using Ag-27Cu-10In as the filler metal, taken by EPMA 



Ag 

A1 


B&H 


Ti 

Identified Phases 

1 

0.10 



0.03 


MtMM 

Pure Niobium 

2 


5.26 

11.48 

10 84 

0.00 

1.20 

Ag-rich Solution 

3 

1.53 


mkMm 

0.11 

1.19 

43.48 

TijCui 

4 


0.42 

MkMtm 

■KIM 

0.65 

46.42 

TiCu 

5 


liiyi 

WSEM 


mmm 

IlkMi 

TisCui 

6 


mmm 

52.78 

0.11 


gEiaa 

Ti^Cui 

7 

,53.85 

4.26 



■IIIIW 

5.03 

02 phase 

8 



HqIMI 


beb 


Ti 2 Cuz + Ag matrix 

9 


1.89 

52.33 

2.71 

mM 


TiCu 4 ■+ Ag matrix 

10 



32.46 

6.28 

0 00 

25.01 

Unknown phase(Ag-Cu-Ti) 

11 



38.29 

0.42 



Ti'aCu 

12 

0.42 

8.00 



0.00 

55.68 

ri2Cu 

13 




0.45 



TiAk 

14 



0.40 

0.14 

0.00 

0.28 

AI 2 CI 3 


4.6 ^/2O3/Ti/Ag-27Cu-10In/Stainless Steel(Fe-Cr-Ni) 
system 

The alumina ceivamic was brazed with 18-8 stainless steel at 900°C for 9 hours. As the 
experiment was carried out at a higher temperature than the liquidus temperature of the Ag- 
27Cu-iOIu alloy, the filler metal spread well over the ceramic and resulted in better wetting 
of the metal surface. The compositional data taken by EPMA are shown in the Table[4.6]. 
The important intermetallic compounds form mainly from the Ti-Fe, Ti-Al, binary systems 
and from the Fe-Cr-Ti, Ag-Cu-Ti, Fe-Cu-Ti, Al-Ag-Cu and Al-Cu-Ti ternary systems. The 
microstructure, Fig[4.19] contains a huge number of mtermetallic layers. 
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Tabic 4.C; Coiii]M),sitioii(al%) of flic elements in the difrerent interfaces and layers of the 
brazed siiccinicii, alumina/stainlcss steel by using Ag-27Cu-10In as the filler metal, taken 
by EPMA. 


iKawfliai 

Ar 

A1 

Cn 

Cr 

Fc 

In 

Ni 

Ti 

Identified Phases 

1 

0.04 

0.06 

0.17 

20.12 

72.07 



0.03 

18-8 Stainless Steel 

2 

0.11 

0.24 

0.65 


63.79 

m 



(aFe) 

3 



7.55 



HE 

1.59 

21.76 

Unknown phase 

4 

Mwm 




22.72 

m 

9.73 


Intermetallic layer 


0.54 


8.87 



fiWil 


48.47 

TiFe 




42.32 

0.00 

0.40 

5.41 

0.04 

0.78 

(a+/?) mixture 


1.34 

2.02 

6.21 

2.94 
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Figure 4.14: All the interfaces and layers of intermetallic compounds into the joint area. 


4.6.1 Phases from Binary systems 

The TiFc phase has formed in this system at the kainless steel/filler metal interface, 
Fig[4.21]. It has formed through the peritectic reaction L + TiFe 2 = TiFe at 1317°C, but 
remains stable at lower temperatures. The binary phase Ti^Al from the Ti-Al system formed 
at the Ti/ccramic(Ai 203 ) interface as a thin dark layer, Fig[4.20]. This phase is an ordered 
hexagonal structure based on aTi (eph) and forms through the reaction (oiTi) — TizAl 
towards the alumina side. B. Lee has reported [5] that after saturation of ^Ti matrix with 
oxygen present in the AI 2 O 3 , the Ti/cemniciAkOz) interface composition moves towards 
low A1 and high oxygen direction on the metastable /?Ti/TiAl phase boundary between 
the two initial phases with interfacial reaction time. The stability of TiAl is expected to 
decreases as the interface composition moves toward low A1 and high oxygen direction, while 
the stability of T^Al would be increased. After the saturation of Ti matrix with oxygen, the 
TiAl layer would transform to T^3A1 layer in reaction time. The Ag-Cu eutectic structure 
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Figure 4.15: Layer of TiCu compound at the Nb/filler metal interface and the particle of Ti 3 Cu 4 
compound at the light matrix of Ag are shown. 


(a+jd) has also been observed in this case. 

4.6.2 Phases from Ternary systems ' 

At the stainless stecl/filler metal interface, the compositional data shows the Fe-Cr-Ti 
ternary composition. As the Cr and Ti contents are insufficient to form any ternary as well 
as binaiy compounds, it is confirmed fiom the study of the ternary phase diagram that orFe 
is the dominating phase in this case. An unknown ternary compound is found as a dark 
layer at the stainless stecl/filler metal interface. This compound has also been found in some 
other position of the interface as a dark particles as shown in Fig[4.21]. But as the Ti content 
appears to be dominating in this case, it can be concluded that (;dTi) is the feasible phase. 
A new unknown intermetallic compound from the Al-Ag-Cu system, has been observed at 
the Ti/fillcr metal inteifacc ;is a bright layer as shown in the microstructure of big[4.20]. 
As the A1 and the Ag contents are dominating in the Al-Ag-Cu system, it may be a binary 
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Figure 4.16: Layer of 3^i2Cu and 7'i2Cuz compounds at the Ti/filler metal interface and TiAla 
compound as dark layer at the Ti/alumina interface. 


compound of the Al-Cu system. It is most probably the AlCu phase [24]. A dark layer of 
ternary plmsc Ag-Fc-Ti forms next to the stainless steel, Fig[4.21]. 
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Figure 4.17: (V 2 (Ag) phase on the filler area as bright region. 
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Figure 4.18: The layer of TiCu and T^Gu compounds at higher magnification. 
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Figme 4.19; All the interfaces and layers of intermetallic compound are observed into the join 
area. 
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Figure 4.20; Layer of Ti^Al compound at the Ti/alumina interface and Bright layer of AlCu phase 
at the Ti/filler metal interface. 
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Figure 4.21: TiFc compound at the stainless steel/filler metal interface and some unknown ternary 
compounds are also observed next to this interface. 


Chapter 5 


Conclusion 


• The inicrostructure of the phases as well as the intermetallic compounds formed at different 
positions of the diffusion couple is characterized. 

• The binary phases of Ti-Cu, Ti-Fe and Ti-Ag systems were observed in the joints with 
both Ag-28Cu and Ag-27Cu-101n filler metals. 

• All the phases of Ti-Cu system, such as TiCu, Ti 2 Cu, TzaCita, Ti 3 Cu 4 and TiCu 4 were 
observed at the Ti/fillcr metal interface as well as in the immediate vicinity of it. 

• The binary pluxscs from Ti-Al system such as TisAl and TiAls were observed 'at the 
Ti/A /203 interface. 

• As a large number of elements are present in the ceramic to stainless steel(Fe-18Cr-8Ni) 
joint, large number of intermetallic layer were observed in this system. 

• The umcacted lillcr metal Ag-28Cu as well as Ag-27Cu-10In shows only Ag-rich(a) and 
Cu-rich(/?) solid solution as a rod-like eutectic structure. 

• Some unknown ternary phases from the Fe-Cu-Ti, Ag-Cu-Ti, Ag-Al-Cu Al-Cu-Ti, and 
Al-Fe-Ti systems were observed. 

• An unknown binary phase from the Ag-Nb system has also been observed next to the 
Nb/fillcr metal interface. 

• In the case of Niobium to alumina ceramic brazed specimen, the diffusion of Nb was limited 
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due to its higher melting temperature. 

• The compactness of the ceramic to metal joining was observed to be greatly dependent on 
the thickness of the Ti sheet and In content of the filler metal. 

• The heating rate of the diffusion couple has to be limited to prevent alumina ceramic from 
cracking. 
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